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Ratnakar Vallabhaneni, 6, 7 Mark Williams, 4 Eleanore T. Wurtzel, 6, 7 Jianbing Yan, 8 Edward S. Buckler 1,9,10 † Dietary vitamin A deficiency causes eye disease in 40 million children each year and places 140 to 250 million at risk for health disorders. Many children in sub-Saharan Africa subsist on maize-based diets. Maize displays considerable natural variation for carotenoid composition, including vitamin A precursors a-carotene, b-carotene, and b-cryptoxanthin. Through association analysis, linkage mapping, expression analysis, and mutagenesis, we show that variation at the lycopene epsilon cyclase (lcyE) locus alters flux down a-carotene versus b-carotene branches of the carotenoid pathway. Four natural lcyE polymorphisms explained 58% of the variation in these two branches and a threefold difference in provitamin A compounds. Selection of favorable lcyE alleles with inexpensive molecular markers will now enable developing-country breeders to more effectively produce maize grain with higher provitamin A levels.
M aize is the dominant subsistence crop in much of sub-Saharan Africa and the Americas, where between 17 and 30% of children under age of 5 are vitamin Adeficient. This results in xerophthalmia (progressive blindness), increased infant morbidity and mortality, and depressed immunological responses (1) . Vitamin A deficiency starts with inadequate provitamin A or vitamin A content or bioavailability in foods and is exacerbated by disease-induced malabsorption.
Diet diversification, food fortification, and supplementation (2-4) have all been used to combat dietary micronutrient deficiencies. Ideally, all children would have access to a varied diet rich in fruits and vegetables, but diet diversification is often limited by crop seasonality, expense, and low bioavailability of green leafy plant carotenoids (5, 6) . Poor infrastructure in developing countries has limited widespread use of direct vitamin supplementation. Perhaps the most feasible approach to eradicating death and disease caused by dietary deficiencies is biofortification, a process by which staple crops are purposefully bred for higher nutritional density (7, 8) . Although biofortified foods can potentially be an inexpensive, locally adaptable, and longterm solution to diet deficiencies, cultural preferences may limit their acceptance. This may be particularly true for those crops where transgenics are the only alternative to boost provitamin A content, given limited acceptance of genetically modified organisms in developing countries.
Carotenoids are derived from the isoprenoid biosynthetic pathway and are precursors of the plant hormone abscisic acid and of other apocarotenoids (9) . The first committed step of this pathway [as recently revised (10)] is formation of phytoene from geranylgeranyl diphosphate by phytoene synthase (y1/psy1) ( Fig. 1) (11) . Recent studies in maize suggest that the psy1 locus has been the target of a selective sweep following selection for endosperm-accumulating carotenoids and shift from white to yellow kernels (12) . The first branch point of this pathway ( Fig. 1 ) occurs at cyclization of lycopene where action of lycopene beta cyclase (LCYB) at both ends of linear lycopene produces a molecule with two b rings. Alternatively, the coaction of LCYB and lycopene epsilon cyclase (LCYE) generates a b,e-carotene that is a precursor to lutein (13) . Relative activities of LCYB and LCYE are hypothesized to regulate the proportion of carotenes directed to each branch of this pathway (13) (14) (15) . Indeed, transgenic manipulations of LCYE expression in Arabidopsis, potato, and Brassica increase the pool of b ring-containing carotenes and xanthophylls (13, (16) (17) (18) .
Maize exhibits considerable natural variation for kernel carotenoids, with some lines accumulating as much as 66 mg/g. The pre- Fig. 1 . Simplified carotenoid biosynthetic pathway in plants (29 (Fig. 2) , which indicated that marker-assisted selection (MAS) may prove much more efficient than selection based on color alone. To dissect the phenotypic diversity, we used an association-mapping approach that exploits the genetic diversity of maize to provide resolution within 2000 base pairs (bp) (19) (20) (21) . In the context of plant breeding, this has the added advantage of identifying the most favorable allele within a diverse genetic background, which provides the necessary genotypic information to facilitate the design of efficient maize introgression and selection schemes throughout the world. We complemented the association mapping with linkage mapping to evaluate the effects in a genetically less complex background and with a mutagenesis program to isolate novel allelic variation within an elite near-isogenic background.
To evaluate functional diversity ( Fig. 1 ), eight candidate genes representing select members of gene families encoding biosynthetic enzymes of the carotenoid pathway were sampled across a diverse panel of 288 maize lines, of which 204 were yellow. Subsets of yellow lines were grown in four different years and surveyed for wholekernel carotenoids by high-performance liquid chromatography (HPLC). The yellow lines averaged 23 mg/g for total carotenoids (range 5.5 to 66.0 mg/g) and 1.7 mg/g for b-carotene (range 0.06 to 13.6 mg/g).
For association analysis, we used a mixedmodel approach that controlled for complex population and pedigree relationships (22) . Among our current sampling of candidate genes, lycopene epsilon cyclase (lcyE) (14) had the largest effect on partitioning the two branches of carotenoids and, consequently, on b-carotene and b-cryptoxanthin content. In maize, the single-copy lcyE gene consists of 10 exons spanning 3640 bp (Fig. 3 ). After initial association and screening for polymorphisms in key haplotypes, four regions were selected and scored across the entire panel. On the basis of the position of LCYE in the biochemical pathway, we predicted that the ratio of the sum of kernel carotenoids from each pathway branch would form the strongest association. Indeed, this was confirmed (Table 1) , with the strength of the association confirming that lcyE plays a key role in controlling this ratio. Correspondingly, levels of predominant provitamin A compounds bcarotene and b-cryptoxanthin were also highly associated with lcyE.
Subsequent haplotype analysis revealed several probable causative polymorphisms for the ratio of a-and b-carotene branches for the 2003 field season (table S1) . A large promoter indel and an amino acid substitution in exon 1 explain most of the variation (R 2 = 36%; n = 135; P = 1.27 × 10
) with a 5.2-fold effect. A second indel in the 3′ UTR also has a significant 3.3-fold effect and contributes to variation not explained by the promoter polymorphism (type III SS; P = 1.9 × 10
−4
). The fourth significant polymorphism at position 2238 in intron 4 was associated with a 2.5-fold effect (type III SS; P = 0.0003). The overall, four-term model explains 58% of the variation (P = 9.2 × 10
−17
). These significant polymorphisms exhibit some linkage disequilibrium (LD), and only nine haplotypic classes exist in our sample, which limits full differentiation of the effects of each polymorphism. Overall, there is a ninefold difference between two of the more differentiated haplotype classes, and sixfold between two more common haplotypes (table S2) . There was a threefold increase in the proportion of b-carotene and bcryptoxanthin between the common haplotypes. Verification of these results was provided by Fig. 2 . Grain color and carotenoid content. The graphs depict the low correlation between visual grain color and total carotenoids, b-carotene, and b-cryptoxanthin in diverse inbreds. In these kernels, the shade of yellow ranges from white (score of 1) to dark orange (score of 6). White kernels were excluded from the analysis. The difficulty in visual selection for b-carotene content is further exemplified by the images on the left, where the yellow maize below has higher b-carotene than the orange variety above. These correlations are across the diverse panel of 228 maize inbreds; correlations for grain color and total carotenoids are higher when scored across segregating populations and narrow ranges of germ plasm, but correlations for b-carotene and b-cryptoxanthin remain low. (Table 1) .
Expression analysis indicated that lcyE is preferentially expressed in the endosperm relative to the embryo ( fig. S1 ). Expression profiling of kernels at 15 and 20 days after pollination (DAP) indicated expression levels correlated well with the ratio of carotenoids from each pathway branch, explaining 70 to 76% of the variance. Lines with transposon insertions near the start site had much lower expression levels [in 15 DAP and 20 DAP lower by a factor of 3.7 and 13, respectively ( fig. S2) ]. The 3′ indel may also have expression effects, but our statistical tests lacked the power to confirm this hypothesis. A quantitative trait locus (QTL) experiment that examined segregation of B73-Mo17 alleles in leaves found significant variation in the cis-regulation of lcyE expression, along with several other regions that also contribute to expression level control of lcyE ( fig. S3) .
In a previous study, three major QTL were identified for accumulation of carotenoids in maize (23) . Two of these QTL colocalized with y1 and zeta carotene desaturase (zds); the third QTL mapped to a region without a candidate gene. We mapped lcyE to chromosome 8 bin 5, near marker bnlg1599, and it colocalized with this previously undetermined QTL. This QTL showed significant effects for modification of the ratio of a to b branch carotenoids [logarithm of the odds ratio for linkage (or lod) score of 34.05; R 2 54.4%] and explained 31.7% of the variation for lutein (lod 16.5). The magnitude of effects was not as large as in association or mutagenesis analysis. However, this biparental QTL population only segregated for the amino substitution (at codon 216) and a modest promoter polymorphism and does not segregate for the 3′ polymorphism. Notably, this QTL was not significant for total carotenoids, which further supports the conclusion that variation within lcyE gene underlies this QTL for carotenoid composition.
To confirm association and QTL results, mutagenesis induced by ethane methyl sulfonate (EMS) was conducted to isolate additional alleles of lcyE. Two M 2 ears of inbred Qx47 segregated for a distinct change in endosperm color from yellow to orange, with orange recessive to yellow (these color changes were apparent in the inbred isogenic background, but not in diverse breeding materials). HPLC analysis of orange and yellow kernels confirmed a shift in the zeaxanthin:lutein ratio in the direction of zeaxanthin. This orange endosperm mutation was backcrossed into the standard genetic inbred line B73, and lcyE was tested as a candidate gene, which revealed that the Qx47 lcyE haplotype cosegregates with orange endosperm and ratio of a-carotene versus b-carotene branch carotenoids (fig. S4) .
The most favorable haplotype for higher bcarotene branch carotenoids included both the large promoter insertion and 3′ 8-bp insertion. In the diverse panel we tested, this haplotype occurs in 5% of temperate inbreds and 16% of tropical inbreds. MAS at this locus should be effective for several reasons: (i) The most favorable haplotype is found with at least modest frequency in different germ plasm sources and thus breeders can select donors from their relatively more adapted sources. (ii) The favorable haplotype has a large effect. (iii) Visual selection is ineffective for differentiating carotenoid composition and selecting provitamin A compounds. (iv) In comparison with HPLC analysis of carotenoids, polymerase chain reaction (PCR) scoring of the lcyE locus is much less expensive (costing perhaps 1/1000th that of HPLC) and more accessible to developing countries with greatest need for provitamin A.
An approach that empowers local breeder involvement through inexpensive visual selection for darker yellow to orange kernels to enhance flux into carotenoid pathway, and also incorporates MAS for lcyE, should result in increased levels of provitamin A compounds. To expedite creation of improved germ plasm globally, we provide information on PCR-based markers ( fig. S5 ). Donor inbreds and improved breeding lines derived at the International Maize and Wheat Improvement Center (CIMMYT) from synthetics of diverse panel inbreds with higher b-carotene are available by contacting T. R.R. This will facilitate selection worldwide of the most favorable lcyE alleles, which we have begun in our program. We are screening tropical breeding germ plasm collections in collaboration with CIMMYT.
To date, MAS for natural variation has been limited by resolution and scope (germ plasm diversity). Alleles have generally been characterized in the limited genetic background and resolution of biparental QTL studies, leaving in question their relevance to broader germ plasm (24) , particularly for germ plasm outside of the temperate United States. As a result, the primary use for MAS is backcross breeding of transgenic traits. In contrast, the association mapping approach used here allows for rapid generation of selectable markers based on performance of diverse germ plasm. This provides markers more relevant in a broad genetic background, and that enables breeders to search for favorable alleles in their locally adapted germ plasm sources.
In ongoing studies, we are attempting to identify alleles for other genes in the pathway that increase total carotenoids and that slow the conversion of b-carotene to b-cryptoxanthin and zeaxanthin, to exploit more fully the natural genetic variation potential in provitamin A biofortification of maize. These results will then be further incorporated in breeding efforts to create a healthier maize crop for the world's poorest people.
Although the genetic results and strategy presented here are encouraging, they need to be placed in context as part of an overall biofortification effort encompassing breeding infrastructure, seed distribution, societal acceptance, Table 1 . lcyE associations across seasons. Association results for significant polymorphisms identified in the four regions sampled along the lcyE gene. Each polymorphism is labeled numerically by its position on the alignment relative to the exon 1 start codon. Followed by the favorable allele (bold)/unfavorable allele at the site. An initial scan for association using both b-carotene and the ratio of the two pathway branches was conducted using the mixed model incorporating population structure and kinship. Subsequently a simpler general linear model (GLM) was used to evaluate data sets from additional years, including population structure (Q), given the oligogenic behavior of the trait the change in flux estimates for 2003 do not include Q. Avg., average; n.c., nonconvergence; n.s., not significant. lcyE association (P), mixed model of lcyE association as a ratio across environments (GLM) (P) (1) ]. Activation of target genes in response to the Wnt/Wg signal is dependent on the transcriptional activator b-catenin/Armadillo (Arm). In the absence of Wnt, four factors-APC, Axin, glycogen synthase kinase-3/Zeste white 3, and casein kinase 1-target b-catenin for phosphorylation and subsequent proteasomal degradation (2) (3) (4) (5) (6) (7) (8) . Axin acts as a scaffold to facilitate b-catenin phosphorylation by binding b-catenin, APC, and the two kinases. Wnt-dependent down-regulation of Axin is important for b-catenin-mediated transcriptional activation (9) (10) (11) . Mutational inactivation of negative regulatory components in the pathway and the resultant inappropriate activation of Wnt signaling is associated with the development of several types of cancer. The majority of colorectal adenomas and carcinomas contain mutations that eliminate the carboxyterminal half of APC (1) .
The Wnt/Wg signaling pathway shows considerable conservation among metazoans. Two APC homologs exist in humans, mice, and fruit flies, and the negative regulatory role of APC in Wnt signaling is conserved from flies to mammals (12) (13) (14) (15) . Drosophila Apc1 and Apc2 are ubiquitously expressed, and in most cells act redundantly to negatively regulate Wg signaling (16, 17) . However, in retinal photoreceptors, Apc2 activity is low enough that inactivation of Apc1 singly suffices to constitutively activate Wg signaling (13, 16) . In response, all photoreceptors undergo apoptosis (13) (Fig. 1, A and B) and before their deaths some photoreceptors adopt an aberrant cell fate, as indicated by ectopic expression of homothorax and Rhodopsin 3 (18, 19) (fig. S1, A to F) .
To identify genes that promote Wg signaling, we performed a genetic screen for suppressors of photoreceptor apoptosis in the Apc1 Q8 null mutant (Methods). We found that apoptosis is suppressed by null and hypomorphic Apc2 alleles ( Fig. 1C; fig. S2, A to C; fig. S3 , A to H; and table S1). Ectopic expression of homothorax and Rhodopsin 3 is also suppressed, indicating that suppression of Wg signaling is not restricted to apoptosis (fig. S1, G to L, and fig. S4 , A to F). Further, ectopic Wg signaling resulting from Arm overexpression is also partially suppressed by reduction of Apc2 ( fig. S5, A to C) . These data indicate that in addition to its well-established negative regulatory role, Apc2 also has an activating role in ectopic Wg signaling.
